. A simple vision-based algorithm for decision making in flying Drosophila. Curr. Biol. 18,[464][465][466][467][468][469][470]. Theobald, J.C., Duistermars, B.J., Ringach, D.L., and Frye, M.A. (2008 In a recent issue of Current Biology, Ochsner and colleagues [8] reported the discovery that ribulose-1,5-bisphosphate (RuBP) functions as one such master regulatory metabolite of methylotrophic metabolism. This finding was the result of a genome-wide, saturation transposoninsertion mutagenesis and sequencing (TnSeq) analysis in the well-studied, model serine-cycle methylotroph Methylobacterium extorquens [9] . The gene encoding phosphoribulokinase (prk), a signature enzyme of the CalvinBassham-Benson cycle for CO 2 fixation in many autotrophic microorganisms that is responsible for the production of RuBP, was shown to be essential for growth of M. extorquens on methanol (CH 3 OH) as a sole carbon source [8] . Using proteomics,
Engineering organisms for biotechnology applications requires knowledge of their essential genes and associated regulatory networks. A new study of methylotrophic metabolism in Methylobacterium reveals essentiality of the unregulated, off-pathway phosphoribulokinase gene and an unexpected key regulatory role for its product ribulose-1,5-bisphosphate.
Highly coordinated and interconnected regulatory mechanisms have been selected during evolution to optimise living organisms' responses to prevailing conditions. Microorganisms need to rapidly adjust their metabolism to fluctuating conditions in their environment. Multiple signals provide information on nutrient and energy status, resulting in a sophisticated network of interactions between regulators, enzymes and metabolites [1] . With the coming of age of integrated multiple 'omics' approaches, large-scale datasets and metabolic models are increasingly helping to identify key metabolites that control regulatory networks [2] . Binding of metabolites to protein regulators active in gene expression at the nucleic-acid level laid the foundations of molecular genetics [3] , and recent focus has been devoted to the identification and characterization of small metabolites binding to regulatory RNA elements [4] . Indeed, by directly linking metabolic processes to transcriptional expression of associated genes, binding of small effector molecules, including metabolites, to transcriptional regulators provides an efficient means for cost-effective and rapid readjustments of metabolic machineries [5] . In Escherichia coli, only a few metabolites appear to be required for key decision making in controlling central metabolism [6] , and the term 'master regulatory metabolite' was coined to designate them [7] .
In a recent issue of Current Biology, Ochsner and colleagues [8] reported the discovery that ribulose-1,5-bisphosphate (RuBP) functions as one such master regulatory metabolite of methylotrophic metabolism. This finding was the result of a genome-wide, saturation transposoninsertion mutagenesis and sequencing (TnSeq) analysis in the well-studied, model serine-cycle methylotroph Methylobacterium extorquens [9] . The gene encoding phosphoribulokinase (prk), a signature enzyme of the CalvinBassham-Benson cycle for CO 2 fixation in many autotrophic microorganisms that is responsible for the production of RuBP, was shown to be essential for growth of M. extorquens on methanol (CH 3 OH) as a sole carbon source [8] . This high resolution, genome-wide mapping of genes essential for methylotrophic metabolism [8] constitutes a landmark in the field of onecarbon metabolism. It is amazing that RuBP has only now been identified as a master regulator metabolite essential for growth -56 years after the isolation of M. extorquens [9] . This paradox is partially explained by the fact that prk is expressed at both the RNA and protein levels under methylotrophic as well as heterotrophic growth conditions; thus, its role in supporting methylotrophic growth in M. extorquens is 'transparent' to the usual differential detection protocols. In fact, it is the intracellular pool of RuBP itself that is regulated and increases during methylotrophic growth in M. extorquens, suggesting post-translational activation of constitutively expressed phosphoribulokinase by a yet unknown mechanism [8] .
That the prk gene-key to C1 assimilation-is found in methylotrophs lacking the Calvin-Bassham-Benson pathway, such as M. extorquens, is intriguing from an evolutionary standpoint. The scattering of genes essential for methylotrophy across the M. extorquens genome clearly marks methylotrophic metabolism as an ancient characteristic of this bacterial lineage. However, unlike in autotrophs with the Calvin-Bassham-Benson cycle, where RuBP is the acceptor for CO 2 fixation, RuBP-producing phosphoribulokinase is an off-pathway enzyme for carbon assimilation in M. extorquens (Figure 1 ) [8] . Why was RuBP selected as a crucial signalling metabolite for methylotrophic growth in this context? One hypothesis is that RuBP controls the fate of one-carbon compounds toward biomass production (assimilation) or for energy generation (mineralisation with CO 2 release) (Figure 1) , by a potentially novel regulatory mode activating the expression of genes encoding enzymes involved in assimilation. Indeed, Peyraud and collaborators [12] demonstrated that when both methanol and succinate are fed to M. extorquens, a clear partition of resources is observed -methanol for dissimilation and succinate for assimilation. In the absence of such a regulatory mode, methanol would be assimilated immediately, even in the presence of a better carbon source such as succinate, resulting in sub-optimal resource usage. Another possibility could be that RuBP helps to prevent build-up of endogenous toxic formaldehyde during methylotrophic growth in periods of metabolic-flux imbalance [13] . In M. extorquens, metabolism from formaldehyde proceeds through formate as the main branch point [14] . Thus, RuBP may act as a signal molecule that activates the master regulator QscR in order to funnel formate flux towards methylene-tetrahydrofolate (H 4 F), the entry point to the serine cycle, and thereby drive carbon flux towards biomass production. LysR-type regulators are often able to bind to more than one effector [15] , and in the case of [20] . RubisCO is absent in most serine-cycle methylotrophs including M. extorquens [8] . Binding of the coinducer RuBP to a conserved effector pocket of the LysR-type transcriptional regulator QscR may funnel carbon flux into carbon assimilation, analogously to what was previously described for CbbR [15] . Transcriptional control of genes for assimilation of reduced one-carbon compounds by QscR [8, 10] and of CO 2 fixation by CbbR [15] C1 compounds such as CO 2 , methanol or methane represent low-cost feedstock options in environment-friendly, sustainable-cell factory processes [9, 17, 18] . Their successful utilization for production of biofuels and high addedvalue chemicals will require renewed detailed investigations of metabolic flux branch points. Metabolomics profiling of gene knockout collections and corresponding association studies are now emerging for several model microorganisms [19] . The integration of various high-throughput approaches offers an unpreceded opportunity to elucidate genotype-phenotype relationships of microbial carbon assimilation processes that bear great biotechnological applications.
